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(54) Optical transmission system with Raman amplification 



(57) This invention provides an optical transmission 
system which allows to perform high-quality transmis- 
sion of each of a plurality of signal channels multiplexed. 
In the optical transmission system, signal light in which 
a plurality of signal channels with an optical frequency 
spacing of 400 GHz or more but 12.5 THz or less is 
transmitted from an optical transmitter to a Raman am- 
plifier through an optical fiber transmission line. In the 



Raman amplifier, pumping light from a pumping light 
source unit is supplied to an optical fiber through an op- 
tical coupler. The multiplexed signal light inputted to the 
Raman amplifier arrives at the optical fiber through an 
optical isolator and optical coupler, and Raman-ampli- 
fied by the optical fiber. The Raman-amplified multi- 
plexed signal light is outputted from the Raman amplifier 
through an optical coupler and optical isolator. 
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Description 

BACKGROUND OF THE INVENTION 
Field of the Invention 



[0001] The present invention relates to an optical 
transmission system which transmits -signal light in 
which a plurality of signal channels with optical frequen- 
cies different from each other are multiplexed. 

Related Background Art 

[0002] A wavelength division multiplexing (WDM) op- 
tical transmission system is an optical system which 
transmits, through an optical fiber transmission line, sig- 
nal light (WDM signal light) in which a plurality of signal 
channels with optical frequencies different from each 
other are multiplexed. The WDM optical transmission 
system can transmit/receive a large quantity of informa- 
tion at a high speed. Forthe optical transmission system 
as a backbone network with a great demand for com- 
munication, a further increase in capacity has been ex- 
amined by reducing the optical frequency spacing of a 
plurality of signal channels to increase the degree of 
multiplexing. WDM with a higher degree of multiplexing 
is called a DWDM (Dense WDM). 
[0003] On the other hand, in an optical transmission 
system with not so large demand for communication , the 
degree of multiplexing is decreased by increasing the 
optical frequency spacing of a plurality of signal chan- 
nels, thereby reducing the system cost. WDM with a low- 
er degree of multiplexing is called a CWDM (Coarse 
WDM). In a CWDM optical transmission system, as the 
number of signal channels in signal light decreases, the 
number of optical components (e.g., signal light sourc- 
es, light-receiving elements, and the like) is reduced. In 
addition; inexpensive optical components (e.g., optical 
multiplexers, optical demultiplexers, and the like) whose 
wavelength accuracy requirement values are small be- 
cause of the large optical frequency spacing are used. 
Accordingly, the system cost can be reduced. 

SUMMARY OF THE INVENTION 

[0004] The present inventors have studied the con- 
ventional optical transmission system and found the fol- 
lowing problem. In the conventional CWDM optical 
transmission system, since the optical frequency spac- 
ing of signal channels is large, the signal wavelength 
band containing each signal channel is wide. The band- 
width may be as large as, e.g. , about 1 00 nm. When the 
bandwidth is as large as about 1 00 nm, the optical char- 
acteristics (e.g., transmission loss, chromatic disper- 
sion, and the like) of an optical fiber transmission line 
on the short wavelength side in the signal wavelength 
band are largely different from those on the long wave- 
length side. Hence, it is difficult for the conventional 
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CWDM optical transmission system to uniformly main- 
tain the transmission quality of each signal channel con- 
tained in the signal wavelength band. 
[0005] The present invention has been made to solve 
5 the above-described problem, and has as its object to 
provide an optical transmission system having a struc- 
ture capable of guaranteeing high-quality transmission 
for each of a plurality of signal channels. 
[0006] An optical transmission system according to 
10 the present invention is a CWDM optical transmission 
system which transmits, through an optical fiber trans- 
mission line, signal light (WDM signal) in which a plural- 
ity of signal channels are multiplexed and comprises a 
structure for guaranteeing a high transmission quality of 
'5 each signal channel of the signal light. More specifically, 
the optical transmission system according to the present 
invention comprises a transmitter which outputs signal 
light in which a plurality of signal channels with an optical 
frequency spacing of 400 GHz or more but 12.5 THz or 
20 less are multiplexed, an optical fiber transmission line / 
which transmits the signal light, and Stimulated-Raman- 1 
Scattering (SRS) means which Raman-amplifies the 
signal light by supplying Raman amplification pumping 
light. This SRS means includes part of the optical fiber 
25 transmission line as an optical fiber for Raman amplifi- 
cation. The wavelength spacing of the signal channels 
contained in the signal light is preferably 1 0 nm or more. 
[0007] In the optical transmission system according 
to the present invention, the SRS means may be a 
so lumped amplifier that includes an optical fiberfor Raman 
amplification that constitutes part of the optical fiber 
transmission line. In this case, to use a transmission line 
section of the transmission line section, which is located 
outside the lumped Raman amplifier, also as the optical 
35 fiber for Raman amplification (in this case, the SRS 
means also functions as a distributed Raman amplifier), 
the lumped Raman amplifier preferably has a structure 
which guides excess Raman amplification pumping light 
to the external transmission line section. The SRS 
40 means is preferably arranged at least at one of the trans- ( 
mission end and reception end of the signal light in the 
optical fiber transmission line. In either case, high-gain 
Raman amplification can be performed. 
[0008] In the optical transmission system according 
45 to the present invention, of the optical fibertransmission 
line, at least a transmission line section which functions 
as the optical fiber for Raman amplification preferably 
includes an optical fiber with a negative chromatic dis- 
persion in a wavelength band containing the signal light 
50 Generally, an optical fibertransmission line has positive 
chromatic dispersion. The chromatic dispersion is com- 
pensated for by the optical fiber included in the SRS 
means, and high-quality signal transmission can be per- 
formed. 

55 [0009] In the optical transmission system according 
to the present invention, of the optical fibertransmission 
line, at least a transmission line section which functions 
as the optical fiberfor Raman amplification may include 
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an optical fiber with a loss peak of 0.33 dB/km or less 
due to OH-radicals neara wavelength of 1 .39 am. In this 
case, since pumping light near the wavelength of 1.39 
urn can be supplied at a high efficiency, the pumping 
efficiency can be increased, and the gain spectrum can 
also be improved. 

[0010] in the optica! transmission system according 
to the present invention, the wavelength of the pumping 
channel is preferably located between adjacent signal 
channels of the signal channels contained in the signal 
light. When the signal channels and pumping channels 
are arranged in this way, the signal light can be Raman- 
amplified at a high gain even on the long wavelength 
side in the signal wavelength band. 
[0011] In the optical transmission system according 
to the present invention, the SRS means preferably Ra- 
man-amplifies, of the plurality of signal channels con- 
tained in the signal light, a signal channel in a wave- 
length range where a transmission loss in the optical fib- 
er transmission line is a first threshold value or more. 
The SRS means preferably further comprises a disper- 
sion compensation means which compensates for a 
chromatic dispersion of a signal channel, of the plurality 
of signal channels contained in the signal light, in a 
wavelength range where an accumulated chromatic dis- 
persion in the optical fiber transmission line is a second 
threshold value or more. In either case, since Raman 
amplification or dispersion compensation can be exe- 
cuted in a necessary wavelength range in the signal 
wavelength band, high-quality signal transmission of 
each signal channel can be performed. 
[0012] A technique for enabling optical amplification 
in a wider wavelength band while suppressing a gain 
variation between signal channels by using a plurality of 
pumping light sources (LDs) is disclosed in, e.g., Japa- 
nese Patent Laid-Open No. 2000-98433. However, in 
the conventional CWDM optical transmission system, 
however, since the channel spacing of pumping light is 
6 nm or more but 35 nm or less : the gain flatness can 
hardly be further increased while keeping the number of 
pumping LDs small. 

[0013] In the optical transmission system according 
to the present invention, as a CWDM optical transmis- 
sion system, Raman amplification in a wider wavelength 
band can be performed while maintaining the number 
of light sources small. 

[0014] More specifically, an optical transmission sys- 
tem according to the present invention comprises a 
transmitter which outputs a predetermined multiplexed 
signal, an optical fiber transmission line, and SRS 
means which Raman-amplifies the signal light. The 
transmitter outputs signal light in which a plurality of sig- 
nal channels with an optical frequency spacing of 400 
GHz or more but 12.5 THz or less are multiplexed. The 
optical fiber transmission line is arranged between the 
transmitter and a receiver and transmits the signal light. 
The Raman amplifier includes at least part of the optical 
fiber transmission line as an optical fiber for Raman am- 



plification and also includes a pumping light source 
which supplies Raman amplification pumping light con- 
taining at least one pumping channel multiplexed to part 
of the optical fiber transmission line. 
5 [0015] In particular, in the optical transmission system 
according to the present invention, an optical frequency 
of each pumping channel contained in the pumping light 
is so set as to locate a peak of Raman gain at an optical 
frequency different from an optical frequency of each 

10 signal channel contained in the signal light. More spe- 
cifically the optical frequency of the signal channel is 
lower than that of the pumping channel by 13.2 THz. 
More specifically, the optical frequency of each pumping 
channel contained in the pumping light is preferably so 

is set as to locate the peak of Raman gain at an optical 
frequency separated from the optical frequency of each 
signal channel contained in the signal light by 624 GHz 
(5 nm). On the other hand, the optical frequency of each 
pumping channel contained in the pumping light is pref- 

20 erably so set as to locate the peak of Raman gain at an 
optical frequency not separated from the optical fre- 
quency of each signal channel contained in the signal 
light by 1 ,248 GHz (10 nm) or more. Accordingly, in the 
CWDM optical transmission system, a high gain flatness 

25 can be obtained in a wider wavelength band while keep- 
ing the number of pumping light sources small. 
[0016] In the optical transmission system according 
to the present invention, an optical frequency spacing 
of the pumping channels contained in the pumping light 

30 is preferably 4,680 GHz (37.5 nm) or more. The optical 
frequency of each of adjacent pumping channels of the 
pumping channels contained in the pumping light may 
be so set as to locate the peak of Raman gain at an 
optical frequency separated from the optical frequency 

35 of each signal channel contained in the signal light by 
624 GHz or more and not separated by 2,496 GHz (20 
nm) or more. 

[0017] In the optical transmission system according 
to the present invention, the optical frequency band of 

40 the signal light is 12.48 THz (100 nm) or less. The 
number of pumping channels is determined by the 
number of signal channels to be used. More specifically, 
let m be the number of pumping channels of the pump- 
ing light, and n be the number of signal channels of the 

45 signal light, the number of pumping channels and the 
number of signal channels satisfy a relation given by m 
^ n/2, furthermore m ^ (n + 4)/2. 

[0018] In the optical transmission system according 
to the present invention, when a plurality of pumping 

50 channels are used, the gain spectrum of the SRS means 
has peaks of Raman gain with optical frequencies dif- 
ferent from each other derived from the pumping chan- 
nels contained in the pumping light. In this case, the op- 
tical frequency of each pumping channel contained in 

55 the pumping light is so set as to locate the peaks of Ra- 
man gain derived from the pumping channels at optical 
frequencies different from those of the signal channels 
contained in the signal light. In other words, again spec- 



3 



BNSDCCID:<EP 1376905A2J > 



5 



EP 1 376 905 A2 



6 



trum of the SRS means has peaks of Raman gain which 
are present at a first optical frequency spacing derived 
from the pumping channels contained in the pumping 
light, and the optical frequency of each signal channel 
contained in the signal light is. set at a second optical 5 
frequency spacing, unlike the peaks of Raman gain de- 
rived from the pumping channels. 
[0019] The present invention will be more fully under- 
stood from the detailed description given hereinbelow 
and the accompanying drawings, which are given by 10 
way of illustration only and are not to be considered as 
limiting the present invention. 

[0020] Further scope of applicability of the present in- 
vention will become apparent from the detailed descrip- 
tion given hereinafter. However, it should be understood 15 
that the detailed description and specific examples, 
while indicating preferred embodiments of the invention, 
are given by way of illustration only, since various 
changes and modifications within the spirit and scope 
of the invention will be apparent to those skilled in the 20 
art from this detailed description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0021] 25 

Fig. 1 is a view showing the arrangement of an op- 
tical transmission system according to a first em- 
bodiment of the present invention; 
Figs. 2A to 2C are views for explaining arrangement 30 
examples of signal channels and pumping chan- 
nels; 

Fig. 3 is a view showing the arrangement of an op- 
tical transmission system according to a second 
embodiment of the present invention; 35 
Fig. 4 is a view showing the arrangement of an op- 
tical transmission system according to a third em- 
bodiment of the present invention; 
Fig. 5 is a view showing the arrangement of an op- 
tical transmission system according to a fourth em- 40 
bodiment of the present invention; 
Fig. 6 is a graph showing the relationship between 
the wavelength dependence of transmission loss 
and the wavelength dependence of chromatic dis- 
persion in an optical fiber transmission line; 45 
Fig. 7 is a graph showing gain spectra in the optical 
transmission system of a detailed example (includ- 
ing an SMF as an optical fiber transmission line) 
(Parti); 

Fig. 8 is a graph showing gain spectra in the optical so 
transmission system of another detailed example 
(including a DSF as an optical fiber transmission 
line) (Part 2); 

Fig. 9 is a graph showing gain spectra in the optical 
transmission system of still another detailed exam- 55 
pie (including an NZDSF as an optical fiber trans- 
mission line) (Part 3); 

Fig. 1 0 is a graph showing pumping light powers in 



the optical transmission systems of the detailed ex- 
amples; 

Fig. 11 is a view showing the arrangement of a Ra- 
man amplifier prepared as an experimental system; 
Fig. 12 is a table showing the power of each pump- 
ing channel used in the experimental system shown 
in Fig. 11; 

Figs. 13A and 13B are views showing the arrange- 
ment of pumping channels and signal channels so 
as to explain upgrading from lumped Raman ampli- 
fication for 4-channel signal light to lumped Raman 
amplification for 8-channel signal light; 
Figs. 14A and 14B are graphs showing the wave- 
length dependences of net gain and noise charac- 
teristic of four signal channels located on the long 
wavelength side of the signal wavelength band in 
the experimental system shown in Fig. 11 ; 
Figs. 15A to 15C are graphs respectively showing 
the gain spectrum, the wavelength dependence of 
net gain, and the wavelength dependence of net 
noise characteristic of the experimental system 
shown in Fig. 11 ; 

Figs. 16A and 16B are graphs showing the wave- 
length dependences of MPI crosstalk and phase 
shift in the experimental system shown in Fig. 11 ; 
Fig. 1 7 is a graph showing an example of the Raman 
gain spectrum; 

Fig. 18 is a table showing the relationship between 
four signal channels and pumping channels; 
Fig. 19 is a graph showing the arrangement rela- 
tionship between signal channels and pumping 
channels in lumped Raman amplification for 
4-channel signal light; 

Fig. 20 is a view showing the arrangement of the 
main part in a Raman amplifier to improve the MPI 
crosstalk: 

Fig. 21 is a view showing the arrangement of an op- 
tical transmission system according to a first appli- 
cation of the present invention: 
Fig. 22 is a view showing the arrangement of an op- 
tical transmission system according to a second ap- 
plication of the present invention; 
Fig. 23 is a view showing the arrangement of an op- 
tical transmission system according to a third appli- 
cation of the present invention: 
Fig. 24 is a view showing the arrangement of an op- 
tical transmission system according to a fourth ap- 
plication of the present invention; 
Fig. 25 is a view showing the arrangement of an op- 
tical transmission system according to a fifth appli- 
cation of the present invention; 
Fig. 26 is a view showing the arrangement of an op- 
tical transmission system according to a sixth appli- 
cation of the present invention; and 
Fig. 27 is a view showing the arrangement of an op- 
tical transmission system according to a seventh 
application of the present invention. 
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DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0022] The embodiments of an optical transmission 
system according to the present invention will be de- 
scribed below in detail with reference to Figs. 1 , 2A to 
2C, 3 to 12, 13Ato 16B, and 17 to 27. The same refer- 
ence numerals denote the same elements throughout 
the drawings, and a repetitive description thereof will be 
omitted. 

(First Embodiment) 

[0023] An optical transmission system according to a 
first embodiment of the present invention will be de- 
scribed first. Fig. 1 is a view showing the arrangement 
of an optical transmission system according to the first 
embodiment of the present invention. An optical trans- 
mission system 1 shown in Fig. 1 is a CWDM optical 
transmission system comprises at least an optical trans- 
mitter 110, optical fiber transmission line 120, and 
lumped Raman amplifier (LRA) 130. 
[0024] The optical transmitter 1 1 0 outputs signal light 
(WDM signal) in which a plurality of signal channels with 
an optical frequency spacing of 400 GHz or more but to 
1 2.5 THz or less are multiplexed. The wavelength spac- 
ing (channel spacing) of the multiplexed signal light out- 
putted from the optical transmitter 110 is preferably 10 
nm or more. As a light source that outputs each signal 
channel, for example, a distributed feedback laser light 
source, Fabry-Perot semiconductor laser light source 
(FP-LD), or a fiber grating laser light source which sta- 
bilizes the output wavelength by combining the FP-LD 
and an optical fiber grating can be used. For modulation 
of signal light, the light source may be directly modulat- 
ed, or the signal light may be externally modulated by 
an external modulator. The light source need not be tem- 
perature-adjusted. In CWDM optical transmission, the 
allowable range of wavelength variation of each signal 
channel is wide. For this reason, the signal channel 
wavelength can vary to some extent upon direct modu- 
lation or without temperature adjustment. 
[0025] The optical fiber transmission line 120 trans- 
mits multiplexed signal light outputted from the optical 
transmitter 1 1 0 to the Raman amplifier 1 30. This optical 
fiber transmission line 120 can be constituted by any 
one of a standard single-mode optical fiber (SMF) with 
a zero dispersion wavelength near 1 .3 ujti, a non-zero 
dispersion-shifted optical fiber (NZDSF) which has a ze- 
ro dispersion wavelength on the longer wavelength side 
than 1 .3 |x m and a small positive chromatic dispersion 
at 1 .55 p. m, a dispersion -shifted optical fiber (DSF) with 
a zero dispersion wavelength near 1 .55 jx m, a pure sil- 
ica glass core optical fiber having a core region substan- 
tially comprised of pure silica glass and a cladding re- 
gion doped with F element, and a single-mode optical 
fiber with an effective area larger than that of a normal 
optical fiber. The optical fiber transmission line 1 20 may 



be formed by connecting two or more of these optical 
fibers. Alternatively, the optical fiber transmission line 
120 may be formed by connecting one or more of the 
above optical fibers and a dispersion compensating op- 

5 tical fiber (DCF). 

[0026] The Raman amplifier 130 receives multiplexed 
signal light transmitted through the optical fiber trans- 
mission line 120 and Raman-amplifies the multiplexed 
signal light. The Raman amplifier 130 is preferably ar- 

10 ranged at least at one of the transmission end and re- 
ception end of the multiplexed signal light. The Raman 
amplifier 1 30 has, sequentially from the signal light input 
end to the signal light output end, an optical isolator 131, 
optical coupler 133, optical fiber for Raman amplification 

15 137 (the optical fiber for Raman amplification 137 con- 
stitutes part of the optical fiber transmission line ar- 
ranged between the optical transmitter and the optical 
receiver together with the optical fiber transmission line 
120), optical coupler 134, and optical isolator 132. The 

20 Raman amplifier 130 also has a pumping light source 
unit 135 connected to the optical coupler 133 and a 
pumping light source unit 136 connected to the optical 
coupler 134. 

[0027] Each ofthe optical isolators 131 and132pass- 

25 es light in the forward direction from the signal light input 
end to the signal light output end but does not pass light 
in the reverse direction. Each of the pumping light 
source units 135 and 136 outputs pumping light to Ra- 
man-amplify signal light in the optical fiber 1 37. The op- 

30 tical coupler 133 outputs pumping light that has arrived 
from the pumping light source unit 1 35 to the optical fiber 
137 in the forward direction and also outputs signal light 
that has arrived from the optical isolator 131 to the op- 
tical fiber 137. The optical coupler 134 outputs pumping 

35 light that has arrived from the pumping light source unit 
136 to the optical fiber 137 in the reverse direction and 
also outputs signal light that has arrived from the optical 
fiber 137 to the optical isolator 132. 
[0028] As each of the pumping light source units 135 

40 and 136, for example, a Fabry-Perot semiconductor la- 
ser light source (FP-LD), a fiber grating laser light source 
which stabilizes the output wavelength by combining the 
FP-LD and an optical fiber grating, or a Raman laser 
light source can be used. When each of the pumping 

45 light source units 135 and 136 includes a light source 
having a dependence on polarization, the pumping light 
source unit preferably includes an optical polarization 
synthesizer which polarizes and synthesizes the pump- 
ing light outputted from the light source. Each pumping 

50 light source unit may include a depolarizer which depo- 
larizes the pumping light outputted from the light source. 
[0029] The optical fiber for Raman amplication 137 
Raman-amplifies the multiplexed signal light upon re- 
ceiving Raman amplification pumping light. When the 

55 optical fiber 1 37 is a silica-based optical fiber, the pump- 
ing light frequency is lower than the signal light frequen- 
cy by about 1 3.2 THz, and the pumping light wavelength 
is shorter than the signal light wavelength by about 1 00 
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nm. Generally, a silica-based optical fiber has a loss 
peak of about 0.40 dB/km due to OH-radicals near a 
wavelength of 1 .39 u.m. The optical fiber 137 applied to 
this embodiment preferably has a loss peak of 0.33 63/ 
km or less due to OH-radicals near a wavelength of 1 .39 
um When the loss peak is small, the Raman amplifica- 
tion pumping light near 1 .39 urn propagates through the 
optical fiber 1 37 with a small loss, so a satisfactory Ra- 
man amplification gain can be obtained, 
[0030] Let P p be the input power of pumping light, L 
be the length of the optical fiberfor Raman amplification, 
a s be the transmission loss of the optical fiber at the 
signal light wavelength, a p be the transmission loss of 
the optical fiber at the pumping light wavelength, g R be 
the Raman gain coefficient of the optical fiber, and A eff 
be the effective area of the optical fiber. An ON/OFF gain 
G on _ off and net gain G net obtained by Raman amplifica- 
tion in the optical fiber are given by 

Gon-off=exp (L eff P p g R /A eff ) (1a) 



G net =exp(L eff P p g R /A eff - a s L) (1b) 

for 

L eff =(1 - exp(-a p L))/a p (1c) 

where L eff is the effective length of the optical fiber. 
[0031 ] As is apparent from these equations, when the 
loss a p is decreased, the gain can be increased. When 
pumping light with a wavelength near 1 .39 fxm is used, 
it is effective to decrease the loss peak due to OH-rad- 
icals. When the loss peak due to OH-radicals near 1 .39 
u.m is decreased from 0.40 dB/km at normal levelto 0.33 
dB/km or less, the effective length L eff of the optical fiber 
can be increased from 2.50 km to 3.03 km, so the pump- 
ing efficiency increases by about 20%. 
[0032] In addition, the optical fiber for Raman ampli- 
fication 137 preferably compensates for the chromatic 
dispersion of the optical fiber transmission line 120. 
Generally, an optical fiber used as an optical fiber trans- 
mission line is a standard single-mode optical fiber or 
dispersion-shifted optical fiber and has a positive chro- 
matic dispersion at 1 .55 pm in the signal wavelength 
band. In addition, generally, signal light directly modu- 
lated and outputted from a laser diode used as a signal 
light source has a positive chromatic dispersion. Hence, 
the optical fiberfor Raman amplification 137 preferably 
has a negative chromatic dispersion at 1.55 jxm. This 
reduces the degradation in waveform of signal light due 
to accumulated chromatic dispersion, so high-quality 
signal transmission can be performed. A dispersion 
compensator may be arranged independently of the op- 
tical fiber 137. 
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[0033] Figs. 2A to 2C are views for explaining the 
channel arrangement of signal light and pumping light. 
In the channel arrangement shown in Fig. 2A f the width 
of the signal wavelength band containing all signal chan- 

5 nels (six channels in Fig. 2A) is 1 00 nm or less, and all 
pumping channels are present on the shorter wave- 
length side than the signal wavelength band. The pump- 
ing channels are preferably separated by 35 nm or 
more. In the channel arrangement shown in Fig. 2B, 

10 pumping channels are present not only on the shorter 
wavelength side than the signal wavelength band con- 
taining all signal channels but also between adjacent 
signal channels in the signal wavelength band. When 
the pumping channels are arranged between adjacent 

15 signal channels, multiplexed signal light can efficiently 
be Raman-amplified over a wide band. In addition, the 
gain spectrum in the signal wavelength band can have 
a desired shape. In the channel arrangement shown in 
Fig. 2C, the width of the signal wavelength band con- 

20 taining all signal channels is 100 nm or more, and all £ 
pumping channels are present on the shorter wave- 
length side than the signal wavelength band. Even in 
this case, since Raman amplification need not be per- 
formed (orthe gain can besmall) on the long wavelength 

25 side where the transmission loss is generally small in 
the signal wavelength band, high-quality CWDM optical 
transmission can be performed. Referring to Figs. 2Ato 
2C, each pumping channel contains a plurality of longi- 
tudinal modes. However, a laser beam with a small line 

30 width may be used. 

[0034] In the optical transmission system 1, signal 
lightin which a plurality of signal channels with an optical 
frequency spacing of 400 GHz or more but 12.5 THz or 
less are multiplexed is outputted from the optical trans- 

35 mitter 11 0 : propagates through the optical fiber trans- 
mission line 120, and arrives at the Raman amplifier 
130. In the Raman amplifier 130, pumping light compo- 
nents outputted from the pumping light source units 1 35 
and 1 36 are supplied to the optical fiber 1 37 th rough the 

40 optical couplers 133 and 134. The multiplexed signal ( 
light that has arrived at the Raman amplifier 130 passes 
through the optical isolator 131 and optical coupler 133 
and arrives at the optical fiber 137. In the optical fiber 
137, the multiplexed signal light is Raman-amplified. 

45 The Raman-amplified signal light passes through the 
optical coupler 134 and optical isolator 1 32 and is out- 
putted from the Raman amplifier 130. The band width 
and shape of the gain spectrum in the Raman amplifier 
130 can be set relatively freely. For this reason, even 

50 when the signal wavelength band is wide, CWDM opti- 
cal transmission of each signal channel of the multi- 
plexed signal light can be performed at a high quality. 

(Second Embodiment) 

55 

[0035] An optical transmission system according to a 
second embodiment of the present invention will be de- 
scribed next. Fig. 3 is a view showing the arrangement 
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of an optica! transmission system according to the sec- 
ond embodiment of the present invention. An optical 
transmission system 2 shown in Fig. 3 is a CWDM op- 
tical transmission system comprises an optical transmit- 
ter 110, optical fiber transmission line 120, and lumped 
Raman amplifier 230. The optical transmission system 
2 according to the second embodiment is different from 
the optical transmission system 1 according to the first 
embodiment described above in the Raman amplifier 
230 is arranged in place of the Raman amplifier 130. 
[0036] The Raman amplifier 230 according to the sec- 
ond embodiment has, sequentially from the signal light 
input end to the signal light output end, an optical fiber 
for Raman amplification 1 37 (the optical fiber for Raman 
amplification 137 constitutes part of the optical fiber 
transmission line arranged between the optical transmit- 
ter and the optical receiver together with the optical fiber 
transmission line), optical coupler 134, and optical iso- 
lator 1 32. The Raman amplifier 230 also has a pumping 
light source unit 136 connected to the optical coupler 
134. The Raman amplifier 230 corresponds to an ar- 
rangement obtained by removing the optical isolator 
131 , optical coupler 133, and pumping light source unit 
1 35 from the Raman amplifier 1 30 according to the first 
embodiment. 

[0037] In the optical transmission system 2, the Ram- 
an amplifier 230 has a structure for not only supplying 
pumping light outputted from the pumping light source 
unit 136 to the optical fiber 137 through the optical cou- 
pler 134 but also supplying excess pumping light from 
the Raman amplifier 230 to the optical f ibertransmission 
line 120 located outside (this corresponds to a fusion- 
spliced point A between the optical fiber transmission 
line 120 and optical fiber 137 in Fig. 3). That is, the op- 
tical transmission system 2 has, as SRS means, a dis- 
tributed Raman amplifier (DRA) constituted by the opti- 
cal fiber transmission line 120, optical coupler 134, and 
pumping light source unit 1 36 as well as the lumped Ra- 
man amplifier 230. Hence, multiplexed signal light out- 
putted from the optical transmitter 11 0 is Raman-ampli- 
fied even during propagation through the optical fiber 
transmission line 120 and also Raman-amplified by the 
Raman amplifier 230. 

[0038] In the second embodiment, since pumping 
light is also supplied to the optical fiber transmission line 
120, not only the optical fiber 137 but also the optical 
fiber transmission line 120 preferably has a loss peak of 
0.33 dB/km or less due to OH-radicals near a wave- 
length of 1.39 urn. 

(Third Embodiment) 

[0039] An optical transmission system according to a 
third embodiment of the present invention will be de- 
scribed next. Fig. 4 is a view showing the arrangement 
of an optical transmission system according to the third 
embodiment of the present invention. An optical trans- 
mission system 3 shown in Fig. 4 is a CWDM optical 



transmission system comprises an optical transmitter 
110, optical fiber transmission line 120, optical receiver 
140, optical isolators 131 and 132, optical couplers 133 
and 134, and pumping light source units 135 and 136. 

5 The optical fiber transmission line 120 is connected be- 
tween the optical transmitter 1 1 0 and the optical receiver 
140. The optical isolator 131, optical coupler 133, and 
pumping light source unit 135 are arranged on the side 
of the optical transmitter 110 of the optical fiber trans- 

10 mission line 120. The optical isolator 132, optical cou- 
pler 134, and pumping light source unit 136 are ar- 
ranged on the side of the optical receiver 1 40 of the op- 
tical fiber transmission line 120. 

[0040] In the third embodiment, pumping light output- 

15 ted from the pumping light source unit 135 passes 
through the optical coupler 133 and is then supplied to 
the optical fiber transmission line 120 in the forward di- 
rection. Pumping light outputted from the pumping light 
source unit 1 36 passes through the optical coupler 1 34 

20 and is then supplied to the optical fiber transmission line 
120 in the reverse direction. That is, the optical trans- 
mission system 3 according to the third embodiment 
has, as SRS means, a distributed Raman amplifiercon- 
stituted by the optical fiber transmission line 120, optical 

25 couplers 133 and 134, and pumping light source units 
135 and 136. Hence, multiplexed signal light outputted 
from the optical transmitter 1 1 0 is Raman-amplified dur- 
ing propagation, through the optical fiber transmission 
line 120 and arrives at the optical receiver 140. 

30 [0041] In the third embodiment, since pumping light is 
supplied to the optical fiber transmission line 120, the 
optical fiber transmission line 120 preferably has a loss 
peak of 0.33 dB/km or less due to OH-radicals near a 
wavelength of 1 .39 urn. 

35 

(Fourth Embodiment) 

[0042] An optical transmission system according to a 
fourth embodiment of the present invention will be de- 

40 scribed next. Fig. 5 is a view showing the arrangement 
of an optical transmission system according to the fourth 
embodiment of the present invention. An optical trans- 
mission system 4 shown in Fig. 5 is a CWDM optical 
transmission system comprises signal light source units 

45 m 1 to HI4., optical multiplexer 112, optical fiber trans- 
mission line 120, optical demultiplexer 142, dispersion 
compensator 143, optical demultiplexers 144 1 and 
144 2 , light-receiving units 141., to 141 4 , optical couplers 
133 and 134, and pumping light source units 135 and 

so 136. 

[0043] The signal light source units 11 1 to 111 4 output 
signals with wavelengths different from each other. The 
optical multiplexer 1 1 2 multiplexes the light components 
of the signal channels outputted from the signal light 
55 source units to 111 4 . The signal light source units 
111 ! to 11 1 4 and optical multiplexer 112 constitute an 
optical transmitter. The multiplexed signal light output- 
ted from the optical multiplexer 112 preferably has an 
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optical frequency spacing of 400 GHz or more but 12.5 
THz or less and a signal channel spacing of 10 nm or 
more. 

[0044] The optical fiber transmission line 120 is ar- 
ranged between the optical multiplexer 112 and the op- 
tical demultiplexer 142. The optical coupler 133 and 
pumping light source unit 135 are arranged on the side 
of the optical multiplexer 112 of the optical fiber trans- 
mission line 120. The optical coupler 134 and pumping 
light source unit 136 are arranged on the side of the op- 
tical demultiplexer 142. of the optical fiber transmission 
line 1 20. Pumping light outputted from the pumping light 
source unit 1 35 passes through the optical coupler 1 33 
and is then supplied to the optical fiber transmission line 
120 in the forward direction. Pumping light outputted 
from the pumping light source unit 136 passes through 
the optical coupler 1 34 and is then supplied to the optical 
fiber transmission line 120 in the reverse direction. 
[0045] That is, the optical transmission system 4 ac- 
cording to the fourth embodiment also has, as SRS 
means, a distributed Raman amplifier fabricated from 
the optical fiber transmission line 120, optical couplers 
133 and 134, and pumping light source units 135 and 
136. Hence, multiplexed signal light outputted from the 
optical multiplexer 112 is Raman-amplified during prop- 
agation through the optical fiber transmission line 120 
and arrives at the optical demultiplexer 1 42. In the fourth 
embodiment, since pumping light is supplied to the op- 
tical fiber transmission line 120, the optical fiber trans- 
mission line 120 preferably has a loss peak of 0.33 dB/ 
km or less due to OH-radicals near a wavelength of 1 .39 
iim. 

[0046] The optical demultiplexer 142 demultiplexes 
multiplexed signal light that has propagated through the 
optical fiber transmission line 120 into the first wave- 
length range and the second wavelength range, and 
outputs light components in the first wavelength range 
to the optical demultiplexer 144 1 and those in the sec- 
ond wavelength range to the dispersion compensator 
143. The dispersion compensator 143 compensates for 
chromatic dispersion of the light components in the sec- 
ond wavelength range, which have arrived from the op- 
tical demultiplexer 142, and then outputs the light com- 
ponents to the optical demultiplexer 1 44 2 . As the disper- 
sion compensator 143, a dispersion compensating op- 
tical fiber with a negative chromatic dispersion in the sig- 
nal wavelength band can suitably be applied. The opti- 
cal demultiplexer 144 1 demultiplexes the light compo- 
nents in the first wavelength range, which have arrived 
from the optical demultiplexer 1 42, into signal channels. 
The optical demultiplexer 144 2 demultiplexes the light 
components in the second wavelength range, which 
have arrived from the dispersion compensator 143, into 
signal channels. The light-receiving units 141., to 141 4 
receive the signal channels demultiplexed by the optical 
demultiplexers 144., and 144 2 . 

[0047] As each of the optical demultiplexers 1 44 1 and 
1 44 2 , a dielectric multilayer filter or fiber coupler filter is 



preferably used. From the viewpoint of cost reduction, 
an inexpensive filter whose guard band between adja- 
cent signal channels is 5 nm or more is preferably used. 
[0048] Fig. 6 is a graph showing the relationship be- 
5 tween the wavelength dependence of transmission loss 
and the wavelength dependence of chromatic disper- 
sion in the optical fiber transmission line. Referring to 
Fig. 6, a curve G61 0 indicates the wavelength depend- 
ence of transmission loss, and a curve G620 indicates 
10 the wavelength dependence of chromatic dispersion . As 
shown in Fig. 6, in the signal wavelength band of about 
1 ,400 to 1 ,500 nm, the optical fiber transmission line has 
a large absolute value of accumulated chromatic disper- 
sion on the long wavelength side and a large transmis- 
*5 sion loss on the short wavelength side. In the fourth em- 
bodiment, the chromatic dispersion of a signal channel 
located on the long wavelength side, where the accu- 
mulated chromatic dispersion of the optical fiber trans- 
mission line 1 20 is large, is compensated for. In addition, 
a signal channel located on the short wavelength side, 
where the transmission loss of the optical fibertransmis- 
sion line 1 20 is large, is Raman-amplified by a gain high- 
er than that on the long wavelength side. 
[0049] More specifically, in the fourth embodiment, 
the wavelength and power of Raman amplification 
pumping light to be supplied from the pumping light 
source units 135 and 136 to the optical fiber transmis- 
sion line 120 are appropriately set. Accordingly, of all 
signal channels contained in multiplexed signal light, 
signal channels in the wavelength range where the 
transmission loss in the optical fiber transmission line 
120 is equal to or more than the first threshold value are 
Raman-amplified by a high gain. At this time, the re- 
maining signal channels may also be Raman-amplified. 
The first threshold value is appropriately set for each 
system. 

[0050] Furthermore, when the optical demultiplexer 
142 having an appropriate spectral characteristic, of all 
signal channels contained in the multiplexed signal light, 
chromatic dispersion of signal channels in the wave- 
length range where the accumulated chromatic disper- 
sion in the optical fiber transmission line 120 is equal to 
or more than the second threshold value is compensat- 
ed for by the dispersion compensator 143. At this time, 
to avoid any further loss, dispersion compensation is not 
preferably performed for the signal channels of the re- 
maining wavelengths. The second threshold value is al- 
so appropriately set for each system. 
[0051] As described above, the optical transmission 
system 4 according to the fourth embodiment can have 
the following effect in addition to the effects of the optical 
transmission systems according to the above-described 
first to third embodiments. That is, signal channels lo- 
cated on the short wavelength side of the signal wave- 
length band of the optical fiber transmission line, where 
the transmission loss is large, are Raman-amplified at 
a high gain. In addition, dispersion of signal channels 
located on the long wavelength side of the signal Wave- 
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length band of the optical fiber transmission line, where 
the accumulated chromatic dispersion is large, is com- 
pensated for. Accordingly even in a wider signal wave- 
length band, CWDM optical transmission of each signal 
channel contained in multiplexed signal light can be per- 
formed at a high quality. 

(Detailed Example) 

[0052] A detailed example of the optical transmission 
system 3 according to the third embodiment will be de- 
scribed next. The optical fiber transmission line 120 was 
80 km long and was constituted by one of a standard 
single-mode optical fiber (SMF), dispersion-shifted op- 
tical fiber (DSF), and non-zero dispersion-shifted optical 
fiber (NZDSF). Multiplexed signal light outputted from 
the optical transmitter 110 contained six channels with 
a spacing of 20 nm in a wavelength band of 1 ,510 to 
1 ,61 0 nm. The wavelength and power of pumping light 
to be outputted from the pumping light source units 1 35 
and 136 were set such that the net gain G net of Raman 
amplification in the optical fiber transmission line 120 
became -1 7 dB. The number of pumping channels were 
2 or 3. When the number of pumping channels was 2, 
the wavelengths of the pumping channels were 1 ,420 
nm and 1 ,490 nm. When the number of pumping chan- 
nels was 3, the wavelengths of the pumping channels 
were 1 ,420 nm, 1 ,460 nm, and 1 ; 490 nm. The insertion 
loss of each of the optical isolators 131 and 1 32 was 0.6 
dB. 

[0053] The transmission loss at a wavelength of 1 ,550 
nm was 0.195 dB/km in the single-mode optical fiber, 
0:210 dB/km in the dispersion-shifted optical fiber, and 
0.200 dB/km in the non-zero dispersion-shifted optical, 
fiber. The transmission loss at a wavelength of 1 ,380 nm 
was 0.32 dB/km in the non-zero dispersion-shifted op- 
tical fiber. FOM-r (= g R /A eff ) representing the Raman 
amplification efficiency was 0.37/W/km in the single- 
mode optical fiber, 0.87/W/km in the dispersion-shifted 
optical fiber, and 0.67/W/km in the non-zero dispersion- 
shifted optical fiber. 

[0054] Figs. 7 to 9 are graphs showing gain spectra 
in the optical transmission systems of the detailed ex- 
amples. Fig. 7 shows gain spectra when a standard sin- 
gle-mode optical fiber was used as the optical fiber 
transmission line 120. Referring to Fig. 7, a curve G710 
indicates the net gain when Raman amplification was 
not performed, a curve G720 indicates the net gain 
when the number of pumping channels was 2, and a 
curve G730 indicates the net gain when the number of 
pumping channels was 3. Fig. 8 shows gain spectra 
when a dispersion-shifted optical fiber was used as the 
optical fiber transmission line 120. Referring to Fig. 8, a 
curve G810 indicates the net gain when Raman ampli- 
fication was not performed, a curve G820 indocates the 
net gain when the number of pumping channels was 2, 
and a curve G830 indicates the net gain when the 
number of pumping channels was 3. Fig. 9 shows gain 



spectra when a non-zero dispersion-shifted optical fiber 
was used as the optical fiber transmission line 120. Re- 
ferring to Fig. 9, a curve G910 indicates the net gain 
when Raman amplification was not performed, a curve 
5 G920 indicates the net gain when the number of pump- 
ing channels was 2, and a curve G930 indicates the net 
gain when the number of pumping channels was 3. Fig. 
10 shows pumping light powers in the optical transmis- 
sion systems of the detailed examples. More specifical- 
10 |y, Fig. 1 0 shows the powers of pumping light to be sup- 
plied to the optical fiber transmission line constituted by 
a standard single-mode optical fiber (SMF) when the 
number of pumping channels is 2 or 3, the powers of 
pumping light to be supplied to the optical fiber trans- 
15 mission line constituted by a dispersion-shifted optical 
fiber (DSF) when the number of pumping channels is 2 
or 3, and the powers of pumping light to be supplied to 
the optical fiber transmission line constituted by a non- 
zero dispersion-shifted optical fiber (NZDSF) when the 
20 number of pumping channels is 2 or 3. 

[0055] As is apparent from Figs. 7 to 10, independ- 
ently of the type of optical fiber applied to the optical 
fiber transmission line 120, satisfactory gain spectra 
were obtained even when the number of pumping chan- 
ts nels was 2. When the number of pumping channels was 
3, more satisfactory gain spectra were obtained. The 
level difference between the amplified output signal light 
components was 3 dB or less, and the result was satis- 
factory even at this point. When the non-zero disper- 
30 sion-shifted optical fiber with a small absorption loss due 
to OH-radicals was applied, the required power of 
pumping light on the shorter wavelength side in the sig- 
nal wavelength band was small. 

[0056] The optical transmission system according to 

35 the present invention serves as a CWDM optical trans- 
mission system which allows to execute Raman ampli- 
fication in a wider wavelength band while maintaining 
the small' number of light sources. To do it, the optical 
frequency of each pumping channel contained in pump- 

^0 ing light is set such that the peak of Raman gain is lo- 
cated at an optical frequency different from that of each 
signal channel contained in signal light. That is, the op- 
tical frequency of the signal light is lower than that of the 
pumping channel by 1 3.2 THz. More specifically, the op- 

45 tical frequency of each pumping channel contained in 
pumping light is preferably set such that the peak of Ra- 
man gain is located at an optical frequency separated 
from the optical frequency of each signal channel con- 
tained in signal light by 624 GHz (5 nm) or more. On the 

50 other hand, the optical frequency of each pumping chan- 
nel contained in pumping light is preferably set such that 
the peak of Raman gain is located at an optical frequen- 
cy that is not separated from the optical frequency of 
each signal channel contained in signal light by 1,248 

55 GHz (1 0 nm) or more. Accordingly, in the CWDM optical 
transmission system, a high gain flatness can be ob- 
tained in a wider wavelength band while maintaining the 
small number of pumping light source units. 
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[0057] Lumped Raman amplification for 8-channel 
signal light and lumped Raman amplification for 4-chan- 
nel signal light will be described below. 

(Lumped Raman Amplification for 8-Channel Signal 
Light) 

[0058] A lumped Raman amplifier using 8-channel 
signal light will be examined here. When the number of 
signal channels is 8, the bandwidth of signal wavelength 
band is 140 nm. Hence, lumped Raman amplification is 
difficult to perform. For lumped Raman amplification, 
signal channels and pumping channels are alternately 
arranged. To implement such channel arrangement in 
DWDM with a small signal channel spacing, the spacing 
between adjacent channels must be taken into consid- 
eration. In CWDM in the optical transmission system ac- 
cording to the present invention, the signal channel 
spacing is as large as 20 nm. For this reason, when fiber 
grating laser (FGL) is to be used as a pumping light 
source unit, interference between the signal light and 
back Rayleigh scattering light due to propagation of 
pumping light poses no serious problem. 
[0059] Fig. 11 is a view showing the structure of an 
experimental system prepared to evaluate lumped Ra- 
man amplification for 8-channel Raman signal light. The 
experimental system (LRA) shown in Fig. 11 comprises 
an optical multiplexer 500 included in a transmitter and 
an optical spectrum analyzer 505 prepared as a receiv- 
er. The experimental system also has an optical isolator 
501 , optical coupler 502 , optical fiber for Raman ampli- 
fication 503, and optical circulator 504, which are ar- 
ranged sequentially between the optical multiplexer500 
and the optical spectrum analyzer 505. This experimen- 
tal system uses 6-channel pumping light such that the 
net gain becomes +1 0 dB (the input power of the 8-chan- 
nel CWDM signal is +0 dBm/CH, and the output power 
is +10 dBm/CH). 

[0060] The optical multiplexer 500 multiplexes 8 sig- 
nal channels at a channel spacing of 20 nm in a wave- 
length range of 1 ,470 to 1 ,610 nm. The optical coupler 
502 supplies pumping light with a wavelength of 1 ,360 
nm to the optical fiber for Raman amplification 503 in 
the forward direction and also passes signal light that 
has passed through the optical isolator 501 to the optical 
fiber for Raman amplification 503. The optical fiber for 
Raman amplification 503 is a highly nonlinear fiber with 
the length of 3 km. The optical circulator 504 supplies 
pumping light containing pumping channels with wave- 
lengths of 1,360 nm, 1,390 nm, 1,405 nm, 1,430 nm, 
1 ,460 nm, and 1 ,500 nm to the optical fiber for Raman 
amplification 503 in the reverse direction and also pass- 
es the amplified signal light from the optical fiber for Ra- 
man amplification 503 to the optical spectrum analyzer 
505. Fig. 12 shows the pumping power of each pumping 
channel supplied. The optical fiber for Raman amplifi- 
cation 503 preferably has a negative chromatic disper- 
sion. This is because a normal optical fiber transmission 



line has a positive chromatic dispersion in the signal 
wavelength band, and consistency with this chromatic 
dispersion is necessary. The opticalfiberfor Raman am- 
plification also preferably has a chromatic dispersion 
5 with a large absolute value. The value is preferably -20 
ps/nm/km or less and, more preferably, -60 ps/nm/km 
or less. This experimental system uses a pumping chan- 
nel with a wavelength of 1 ,405 nm as a pumping channel 
for backward pumping. Actually, use of a pumping chan- 
ge nel with a wavelength of 1 ,41 0 nm is presumed (it rarely 
influences the net gain or the like). When pumping light 
with a channel wavelength of 1 ,410 nm can be used, it 
can be multiplexed with signal light using an 8-input/ 
1 -output optical multiplexer or optical circulator. Hence, 

'5 an LRA can be manufactured at a low cost. 

[0061] Figs. 13A and 13B are views for explaining the 
arrangement of pumping channels and signal channels 
in this experimental system. As shown in Fig. 13A in 
lumped Raman amplification for 4-channel signal light, 

20 two pumping channels with wavelengths of 1 ,460 nm 
and 1 ,500 nm are used to perform lumped Raman am- 
plification of four signal channels on the long wavelength 
side of the signal wavelength band. On the other hand, 
in lumped Raman amplification for 8-channel signal 

25 light, as shown in Fig. 13B, two pumping channels 
(wavelengths: 1 ,460 nm and 1 ,500 nm) are used to Ra- 
man-amplify four signal channels on the long wave- 
length side of the signal wavelength band. In addition, 
when four pumping channels with wavelengths of 1 ,360 

30 nm, 1 ,390 nm, 1 ,405 nm, and 1 ,430 nm are additionally 
supplied, four signal channels on the short wavelength 
side can also be Raman-amplified. When the pumping 
channels and signal channels to be amplified are ar- 
ranged in the above way, lumped Raman amplification 

35 for 4-channel signal light can easily be upgraded to 
lumped Raman amplification for 8-channel signal light. 
[0062] Figs. 14A and 14B show the simulation result 
of net gain (Fig. 14A) and net noise characteristic (NF: 
Noise Figure, Fig. 14B) of Raman amplification of four 

40 signal channels on the long wavelength side of the sig- ( 
nal wavelength band. The required pumping power to 
be supplied to the optical fiber for Raman amplification 
is 358.9 mW for the pumping channel with a wavelength 
of 1 ,460 nm and 1 75.1 mW forthe pumping channel with 

45 a wavelength of 1 ,500 nm. 

[0063] Figs. 15A to 15C respectively show the gain 
spectrum (Fig. 1 5A), the wavelength dependence of net 
gain (Fig. 15B), and the wavelength dependence of net 
noise characteristic (Fig. 15C) in this experimental sys- 

50 tern (LRA which performs lumped Raman amplification 
for 8-channel signal light). Referring to Fig. 15B, a curve 
G1430a indicates an actually measured net gain, and a 
curve G1430b represents a simulation result. Referring 
to Fig. 15C, a curve G1 440a indicates an actually meas- 

55 ured net NF, and a curve G 1440b indicates a simulation 
result. 

[0064] In Fig. 1 5A, the back pumping scattering com- 
ponent of pumping light was observed at 1 ,460 nm (ar- 
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row P1 in Fig. 1 5A) and 1 ,500 nm (arrow P2 in Fig. 1 5A). 
In Fig. 15B, the net gain is about 10 dB. In Fig. 15C, the 
difference in NF between the actually measured value 
and the simulation result observed on the short wave- 
length side is probably caused because the power dis- 
tribution of forward pumping light and backward pump- 
ing light slightly changes between the actual measure- 
ment and the simulation, orthe back Rayleigh scattering 
component of pumping light is not taken into consider- 
ation in the simulation. The powers of pumping channels 
contained in supplied pumping light are the same as in 
the table of Fig. 12. The total power of pumping light is 
about 1 ,121 mW. In this case, even when a high-output 
laser is used, and the distribution of forward pumping 
power and backward pumping power is changed, a total 
of 10 pumping light sources (pumping LDs) (two forward 
pumping light sources at 130 nm, four backward pump- 
ing light sources at 1 ,360 nm and 1,390 nm, and four 
. pumping light sources at other wavelengths) are neces- 
sary. 

[0065] Fig. 16A shows the simulation result of MPI 
(Multi-Line Interference) crosstalk in the experimental 
system for lumped Raman amplification for 8-channel 
signal light. Fig. 16B shows the simulation result of 
phase shift in this experimental system. Both the MPI 
crosstalk and the phase shift pose no problem. 

(Lumped Raman Amplification for 4-Channel Signal 
Light) 

[0066] Lumped Raman amplification for 4-channel 
signal light will be described next. Fig. 17 is a graph 
showing the relationship between the gain spectrum in 
CWDM and pumping light and signal light. Since the sig- 
nal light spacing is wide in CWDM, the gain flatness can 
be increased by aligning only gains at the respective sig- 
nal channels, unlike DWDM. In other words, the gain 
flatness can be increased even by using a small number 
of pumping light sources (pumping LDs). For example, 
as shown in Fig. 19, pumping light containing two pump- 
ing channels can be used to execute lumped Raman 
amplification for 4-channel signal light. As shown in FIG. 
19, even when two pumping channels are used, a gain 
uniformity C of CWDM is much smaller than that of 
DWDM (the gain flatness is high). A gain spectrum 1 71 0 
derived from the two pumping channels has two peaks 
of Raman gain in the signal wavelength band. In this 
case, the gain flatness can further be increased by add- 
ing a new pumping channel. 

[0067] The table of Fig. 1 8 shows the relationship be- 
tween a CWDM signal (four channels) and pumping 
channel wavelengths. To perform Raman amplification 
in the wavelength band of 1 ,400 to 1 ,700 nm, the wave- 
form spacing (channel spacing) between pumping 
channels contained in pumping light needs to be at least 
37.5 nm (in this case, about 40 nm). 
[0068] In the pumping light, the optical frequency 
(peak frequency of the Raman gain spectrum) lower 



than the optical frequency of each pumping channel by 
1 3.2 THz is preferably separated from each signal chan- 
nel of CWDM signal light by at least 624 GHz (5 nm). 
Fig. 17 shows the spectrum shape of the Raman gain 
5 coefficient. When separated from the peak of Raman 
gain by 2,496 GHz (10 nm), the Raman gain coefficient 
decreases by about 15%. When a signal channel is ar- 
ranged at the optical frequency of this peak of Raman 
gain, the ON/OFF gain uniformity when the signal chan- 

10 nel spacing is 2,496 GHz becomes as large as 15% or 
more. Hence : when a signal channel is arranged at a 
position separated from the peak of Raman gain by 624 
GHz, the gain uniformity becomes smaller, resulting in 
advantageous condition. 

15 [0069] When a plurality of pumping channels are pre- 
pared, the wavelength spacing (channel spacing) be- 
tween adjacent pumping channels is preferably at least 
4,680 GHz (about 37.5 nm) or more. When the signal 
wavelength band is 100 nm or less, a number m of 

20 pumping channels contained in pumping light and a 
number n of signal channels contained in signal light 
preferably satisfy a relation given by m ^ n/2. When the 
signal wavelength band is 100 nm or more, the number 
m of pumping channels contained in pumping light and 

25 the number n of signal channels contained in signal light 
preferably satisfy a relation given by m g (n + 4)/2. 
[0070] As for the length of the optical fiber (optical fib- 
er for Raman amplification) to be used for Raman am- 
plification, MPI generated between multi-line reflected 

30 |jght components propagating in the same direction as 
that of signal light poses a practical problem, though the 
situation changes depending on the Raman gain coef- 
ficient or transmission loss of the optical fiber itself. 
When the optical power ratio between signal light and 

35 multi-line reflected light is MPI crosstalk (dB) (= P signal (dB) 
' p mpi (dB)), the Raman amplifier is preferably designed 
such that the value MPI crosstalk becomes at least 30 dB. 
If MPI^gst^ is smaller than 30 dB, a bypass line that 
detours an optical isolator 632 arranged between optical 

^0 fiber for Raman amplifications 61 0 and 620 may be ar- 
ranged, as shown in Fig. 20. In the Raman amplifier 
shown in Fig. 20, an optical coupler 631 temporarily 
guides pumping light that has propagated through the 
optical fiber for Raman amplification 620 to the bypass 

45 Hne. An optical coupler 633 guides the pumping light that 
has propagated through the bypass line to the optical 
fiber for Raman amplification 610. An optical coupler 
634 supplies pumping light to the optical fiberfor Raman 
amplification 620. In this Raman amplifier, the optical 

50 coupler (WDM filter) or optical isolator is used. However, 
an optical circulator may be used. 
[0071 ] To more efficiently generate a nonlinear phase 
shift, the Raman amplification fiber preferably has a 
nonlinear refractive index of 3.5 x 1 0' 20 [m 2 /W] or more 

55 and, more preferably 4.5 x 10' 20 [m 2 /W] or more. To 
more efficiently generate a nonlinear phase shift, the ef- 
fective area is preferably 30 mm 2 or less and, more pref- 
erably, 15 mm 2 or less. Hence, when n 2 /A eff ^ 1.7 x 
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1Cr 9 [1/W], or more preferably, n 2 /A eff . ^ 3.0 x 10' 9 
[1/W], the transmission characteristics can effectively 
be improved'. 

[0072] To increase the Raman amplification efficien- 
cy, the loss of the fiber.is preferably 1 .0 dB/km or less 5 
in terms of signal wavelength. In consideration of an in- 
crease in loss due to absorption loss of OH-radicals near 
the pumping light wavelength, the increase amount of 
the loss due to the OH-radicals in a band of 1 .38 to 1 .39 
ujti is preferably 0.5 dB/km or less. w 
[0073] The fiber to be used for Raman amplification 
preferably has negative chromatic dispersion. This is 
because a normal transmission line has positive disper- 
sion in the signal wavelength, and consistency with this 
chromatic dispersion is necessary. The absolute value 15 
of the chromatic dispersion is preferably large. The val- 
ue is preferably -20 ps/nm/km or less and, more prefer- 
ably, -60 ps/nm/km or less. When the Raman amplifica- 
tion efficiency is taken into consideration, the connec- 
tion loss between the optical fiber for Raman amplifica- 20 
tion and a normal optical fiber is preferably 0.5 dB or 
less. 

[0074] Next, some applications of an optical transmis- 
sion system according to the present invention will be 
described below. 25 

(First Application) 

[0075] Fig. 21 is a view showing the arrangement of 
an optical transmission system according to a first ap- 30 
plication of the present invention. The optical transmis- 
sion system according to the first application, amplifies 
signal channels respectively by using LRA for wave- 
length of 1470 to 1530 nm (four channels) and LRA for 
wavelength of 1550 to 1610 nm (four channels), and al- 35 
lows 8-channel CWDM signal light propagating through 
one optical fiber transmission line. The amplified WDM 
signal light is multiplexed by the WDM coupler and prop- 
agates through the transmission line. In the optical 
transmission system having such a structure, when 40 
bringing an initial cost in line, one transmitter for four 
channels and one LRA are arranged and driven, respec- 
tively. Next, when increasing the number of signal chan- 
nel, another Raman amplifier can be used. In accord- 
ance with the optical transmission system having such 45 
a structure, upgradability due to wavelength band divi- 
sion can be obtained. 

(Second Application) 

so 

[0076] Fig. 22 is a view showing the arrangement of 
an optical transmission system according to a second 
application of the present invention. The optical trans- 
mission system according to the second application, as 
in the case of the optical transmission system according 55 
to the above first application, separates the 8-channel 
signal light into signal light with wavelengths of 1470 to 
1530 nm and signal light with wavelengths of 1550 to 



161 0 nm by the WDM coupler and multiplexes them by 
the WDM coupler again after amplified them by the Ra- 
man amplifier, in transmission of 8-channel CWDM sig- 
nal light. 

[0077] in the optical transmission system having such 
a structure, when bringing an initial cost in line, a signal 
light module to be firstly transmitted in the transmitter 
and one LRA forfour channels are arranged and driven, 
respectively. And, when increasing the number of signal 
channel, another Raman amplifier can be used. In ac- 
cordance with the optical transmission system having 
such a strucutre, upgradability due to wavelength band 
division can be obtained. 

(Third Application) 

[0078] Fig. 23 is a view showing the arrangement of 
an optical transmission system according tc a third ap- 
plication of the present invention. The optical transmis- 
sion system according to the third application amplifies 
signal channels respectively by using LRA for wave- 
length of 1470 to 1530 nm (four channels) and LRA for 
wavelength of 1550 to 1610 nm (four channels) : and al- 
lows the amplified signal light propagating through one 
optical fibertransmission line in the bi-direction. The am- 
plified signal light is multiplexed by the WDM coupler 
and propagates through the optical fiber transmission 
line. By the optical transmission line having such a struc- 
ture, a bi-directional transmission of signal light with 
wavelengths of 1470 to 1530 nm and signal light with 
wavelengths of 1550 to 1610 nm can be achieved. 



(Fourth Application) 

[0079] Fig. 24 is a view showing the arrangement of 
an optical transmission system according to a fourth ap- 
plication of the present invention. The optical transmis- 
sion system is a system in which transmission module 
and receiving module are integrally formed. In this case, 
after signal light with wavelengths of 1 470 to 1530 nm ( 
and signal light with wavelengths of 1550 to 1610 nm 
are separated by the WDM coupler and sent from the 
transmitter, one signal light is intermediately Raman- 
amplified by LRA and another signal light passes there- 
through. And, by multiplexing these signal light, a bi-di- 
rectional transmission can be achieved. 

(Fifth Application) 

[0080] Fig. 25 is a view showing the arrangement of 
an optical transmission system according to a fifth ap- 
plication of the present invention. The optical transmis- 
sion system according to the fifth application uses a gain 
obtained by the Raman amplifier to compensate for loss 
of optical devices. As a structure for this case, a struc- 
ture in which optical add/drop module (OADM) is used 
can be considered. By arranging the LRA so as to com- 
pensate for the OADM loss, Metro Ring Network having 
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a simple structure and a wide band can be constructed. 
(Sixth Application) 

[0081] Fig. 26 is a view showing the arrangement of 
an optical transmission system according to a sixth ap- 
plication of the present invention. The optical transmis- 
sion system according to the sixth application, as in the 
case of the optical transmission system according to the 
above first application, is a system for loss compensa- 
tion of optical devices. This optical transmission system 
in which a 1x8 channel optical splitter is used can be 
applied to Broadcast service dividing one signal light in- 
to eight channels, and the like. 

(Seventh Application) 

[0082] Fig. 27 is a view showing the arrangement of 
an optical transmission system according to a seventh 
application of the present invention. The optical trans- 
mission system according to the seventh application, as 
in the case of the optical transmission system according 
to the above sixth application, is also a system for loss 
compensation of optical devices. This optical transmis- 
sion system in which a 1x8 channel optical splitter is 
used can be also applied to Broadcast service dividing 
one signal light into eight channels, and the like. In the 
optical transmission system according to the seventh 
application, an optical division of the optical splitter is 
performed at the output end side of the transmitter. 
[0083] As has been described above, according to the 
present invention, signal light in whichra plurality of sig- 
nal channelscwith an optical frequency spacing of 400 
GHz or more but 12.5 THz or less are multiplexed is 
transmitted through an optical fiber transmission line. In 
addition, SRS means which includes at least part of the 
optical fiber transmission line and Raman-amplifies the 
signal light using Raman amplification pumping light is 
arranged. With this arrangement, in CWDM optical 
transmission, each of the multiplexed signal channels 
can be transmitted at a high quality. 
[0084] Furthermore, when the optical frequency of a 
pumping channel is set such that the peak of Raman 
gain is located at an optical frequency different from that 
of a signal channel, a high gain flatness can be imple- 
mented in a wider wavelength band. 
[0085] From the invention thus described, it will be ob- 
vious that the embodiments of the invention may be var- 
ied in many ways. Such variations are not to be regarded 
as a departure from the spirit and scope of the invention, 
and all such modifications as would be obvious to one 
skilled in the art are intended for inclusion within the 
scope of the invention. 
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1 . An optical transmission system comprising: 
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a transmitter outputting signal light in which a 
plurality of signal channels with an optical fre- 
quency spacing of 400 GHz or more but 12.5 
THz or less are multiplexed; 
an optical fiber transmission line transmitting 
the signal light; and Stimulated-Raman-Scat- 
tering means including at least part of said op- 
tical fiber transmission line as an optical fiber 
for Raman amplification, and Raman-amplify- 
ing the signal light by supplying Raman ampli- 
fication pumping light. 

A system according to claim 1, wherein a signal 
channel spacing in the signal light is 1 0 nm or more. 

A system according to claim 1 , wherein said Stim- 
ulated-Raman-Scattering means includes a 
lumped Raman amplifier. 

A system according to claim 3, wherein said lumped 
Raman amplifier has a structure for guiding excess 
Raman amplification pumping light to an external 
transmission line section of said optical fiber trans- 
mission line, which is located outside said lumped 
Raman amplifier, so as to use said transmission line 
section as said optical fiber for Raman amplifica- 
tion. 

A system according to claim 1 , wherein said Stim- 
ulated-Raman-Scattering means is arranged at 
least at one of the transmission end and reception 
end of the signal light in said optical fiber transmis- 
sion line. 

A system according to claim 1 , wherein, of said op- 
tical fiber transmission line, at least a transmission 
line section functioning as said optical fiber for Ra- 
man amplification has a negative chromatic disper- 
sion in a wavelength band where the plurality of sig- 
nal channels of the signal light are present. 

A system according to claim 1 , wherein, of said op- 
tical fiber transmission line, at least a transmission 
line section functioning as said optical fiber for Ra- 
man amplification includes an optical fiber with a 
loss peak of 0.33 dB/km or less due to OH-radicals 
near a wavelength of 1 .39 urn. 

A system according to claim 1 , wherein a pumping 
channel for Raman amplification is present be- 
tween adjacent signal channels of the plurality of 
signal channels contained in the signal light. 

A system according to claim 1 , wherein said Raman 
amplification means by Stimulate- Raman-Scatter- 
ing Raman-amplifies, of the plurality of signal chan- 
nels contained in the signal light, a signal channel 
in a wavelength range where a transmission loss in 
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said optical fiber transmission line is not less than 
a first threshold value. 

10. A system according to claim 1 , further comprising a 
dispersion compensating means compensating for 
a chromatic dispersion of a signal channel, of the 
plurality of signal channels contained in the signal 
light, in a wavelength range where an accumulated 
chromatic dispersion in said optical fiber transmis- 
sion line is not less than a second threshold value. 

11. An optical transmission system comprising: 

a transmitter outputting signal light in which a 
plurality of signal channels with an optical fre- 
quency spacing of 400 GHz or more but 12.5 
THz or less are multiplexed; 
an optical fiber transmission line transmitting 
the signal light; and Stimulated-Raman-Scat- 
tering means including at least part of said op- 
tical fiber transmission line as an optical fiber 
for Raman amplification, includes a pumping 
light source which supplies Raman amplifica- 
tion pumping light containing at least one 
pumping channel multiplexed to part of said op- 
tical fiber transmission line, and Raman-ampli- 
fying the signal light by supplying the Raman 
amplification pumping light, 

wherein an optical frequency of each pumping 
channel contained in the pumping light is so set as 
to locate a peak of Raman gain at an optical fre- 
quency different from an optical frequency of each 
signal channel contained in the signal light. 

12. A system according to claim 1 1 , wherein the optical 
frequency of each pumping channel contained in 
the pumping light is so set as to locate the peak of 
Raman gain at an optical frequency separated from 
the optical frequency of each signal channel con- 
tained in the signal light by 624 GHz or more. 

13. A system according to claim 12, wherein the optical 
frequency of each pumping channel contained in 
the pumping light is so set as to locate the peak of 
Raman gain at an optical frequency not separated 
from the optical frequency of each signal channel 
contained in the signal light by 1 ,248 GHz or more. 



10 



15 



20 



25 



30 



35 



40 



14. A system according to claim 1 1 , wherein an optical 
frequency spacing of the pumping channels con- 
tained in the pumping light is 4,680 GHz or more. 



15. 



A system according to claim 1 4, wherein the optical 
frequency of each of adjacent pumping channels of 
the pumping channels contained in the pumping 
light is so set as to locate the peak of Raman gain 
at an optical frequency separated from the optical 
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55 



frequency of each signal channel contained in the 
signal light by 624 GHz or more and not separated 
therefrom by 2.496 GHz or more. 

16. A system according to claim 11, wherein when an 
optical frequency band of the signal light is 12.48 
THz or less, and let m be the number of pumping 
channels of the pumping light, and n be the number 
of signal channels of the signal light, the number of 
pumping channels and the number of signal chan- 
nels satisfy the following relation: 

m ^ n/2. 

17. A system according to claim 11 , wherein when an 
optical frequency band of the signal light is 12.48 
THz or less, and let m be the number of pumping 
channels of the pumping light, and n be the number 
of signal channels of the signal light, the number of 
pumping channels and the number of signal chan- 
nels satisfy the following relation: 

m g (n + 4)/2. 

18. A system according to claim 11, wherein a gain 
spectrum of said Stimulated- Raman-Scattering 
means has peaks of Raman gain with optical fre- 
quencies different from each other derived from the 
pumping channels contained in the pumping light, 
and 

wherein the optical frequency of each pump- 
ing channel contained in the pumping light is so set 
as to locate the peaks of Raman gain derived from 
the pumping channels at optical frequencies differ- 
ent from those of the signal channels contained in 
- the signal light. 

19. A system according to claim 11, wherein a gain 
spectrum of said Stimulated-Raman-Scattering 
means has peaks of Raman gain which are present 
at a first optical frequency spacing derived from the 
pumping channels contained in the pumping light 
and 

wherein the optical frequency of each signal 
channel contained in the signal light is set at a sec- 
ond optical frequency spacing, unlike the peak of 
Raman gain derived from the pumping channels. 
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